Shrinkage-stress Strain rate
Introduction
Polymerization shrinkage of resin-composite occurs due to the conversion of the monomer molecules in to polymer structure which is accomplished by replacing the van der waals spaces by covalent bonds and consequently reducing the free volume [1, 2] . Despite the numerous advances in improving d e n t a l m a t e r i a l s x x x ( 2 0 1 6 ) xxx-xxx polymerization shrinkage is highlighted as these materials are recommended to be placed in 4 mm increments. Several studies demonstrated the direct relationship between the stress generated during polymerization and the integrity of the restoration-tooth margins [6, 7] . The polymerization process is accompanied by volumetric shrinkage of the material and its magnitude depends on the composition of the material [8, 9] . The amount of the polymerization stress generated is the product of many controlling factors including the C-factor, the compliance of the dental substrate and the material properties [4, [10] [11] [12] .
The viscoelastic behavior of the material has an important role in the capacity of the material to flow during early stages of polymerization and on the elastic modulus development. Viscoelastic behavior of the material is another important factor that affects the polymerization stress development [5] . The viscoelasticity of the material and the volumetric shrinkage are both controlled by similar factors that make it difficult to isolate their effect on the polymerization shrinkage stress development [13, 14] . In addition, the stress development is affected by the reaction kinetics as a higher polymerization rate is accompanied by high polymerization stress [15, 16] . The material plastic deformation is time dependent phenomenon in which the material needs time to flow to accommodate the contraction stresses before the development of the modulus of elasticity [17] [18] [19] [20] .
Different methods have been proposed to reduce polymerization shrinkage and its resultant stress. These methods include incremental placement of the restoration, soft start curing technique, the use of stress absorbing cavity liners and modification in the material composition [2, 21, 22] . Polymerization shrinkage for monomers such as Bis-GMA and TEGDMA had been found to be substantially higher than the typically filled composites [13, 23] . There is a direct relation between the increase in filler loading and the reduction in polymerization shrinkage [24] [25] [26] . The incorporation of pre-polymerized resin fillers (organic fillers) decreases the volume fraction of the polymerizable resin and increases the filler volume fraction resulting in reduction of the polymerization shrinkage. Flowable (low-viscosity) resin-composites have been reported with higher polymerization shrinkage as a result of reduced filler loading [13, 27] . Nano-composites are a class of composite that was introduced for its improved mechanical properties, esthetic outcomes and reduced polymerization shrinkage [28] [29] [30] [31] .
Several modifications have been made to the monomer systems of resin-composite materials to reduce the polymerization shrinkage. Many low shrinkage resin-composites have been commercially introduced to the market. Among these is the introduction of a high molecular based monomer with initially low double bond concentration (Dimer acid based monomer) an example of these materials is N'Durance from Septodont, France. It demonstrated lower polymerization shrinkage and higher degree of conversion when compared with conventional monomers as Bis-GMA and UDMA [32] .
SDR ® bulk-fill material has been introduced with modified UDMA by introducing photo-active groups to the monomer. It has been shown that this material resulted in lower shrinkage stress compared to other flowable and conventional composites [33] . TCD-DI-HEA was also introduced as a low shrinking monomer and it was incorporated in Venus diamond material from Haeraus Kulzer GmbH, Germany. This low viscosity monomer has a rigid back bone that results in low shrinking behavior [22, 34, 35] . In addition, ethoxylated bisphenol A dimethacrylate (Bis-EMA) which is a Bis-GMA analog with lower viscosity due to the absence of hydroxyl groups from its structure was introduced for a similar purpose. It has been found to provide lower polymerization shrinkage when combined with other conventional monomers such as UDMA and Bis-GMA [36] .
In this study eighteen commercially available materials from different classes were investigated for their shrinkage strain, shrinkage stain kinetics, stress and modulus of elasticity. The null hypothesis was that there are no significant differences in the results between the bulk-fill materials and the other investigated materials.
Materials and methods
Eighteen commercially available resin-composites with different viscosities were investigated. The materials represented a wide range of dental applications. Materials' details and manufacturers' specifications are shown in Table 1 .
Shrinkage strain measurement
The 'bonded-disk' method described by Watts and Marouf in 2000 was used to determine shrinkage-strain [37] . Resincomposite paste specimens of circular disk geometry were prepared within 15 mm diameter brass rings of square cross section fixed on a 3.0 mm thick glass slab. The upper surface of the glass slab was lightly grit-blasted with alumina powder to promote bonding of the composite to the glass surface. The specimen was 1.0 mm in height and 8 mm in width. The disks were positioned centrally within the brass rings, leaving a free space around the disk. A flexible 22 mm × 22 mm size and 0.1 mm thick glass cover slip (VWR International Ltd., borosilicate glass, thickness No.0) was placed in close contact above the specimen, supported laterally by the brass ring. A glass plate was used during the preparation of the specimens, in conjunction with the cover slips, to compress the composite pastes into circular disks. Resin-composite specimens of circular disk geometry were of 0.12 g to obtain the required diameter of 8 mm. This value was obtained through pilot testing of different resin-composite weights and direct measurement of the resultant disk. The bonded-disk arrangement is placed upon a custom jig. The jig was made of an aluminum stand with a horizontal 'stage' for specimen placement with two stainless steel clips to hold the glass slab. Mounted into the stage was a brass ring. The brass ring had a hollow center of 10 mm diameter through which the tip of a light curing unit was fixed in place. A clamp arrangement was attached to the stage to hold the uni-axial LVDT (linear variable displacement transducer) measuring system and allowed for vertical adjustment of its position. The LVDT measuring system, of 8 g active mass, was positioned centrally onto the cover slip. Specimens were lightcured by 20 s direct irradiation from beneath the glass slab at 1200 mW/cm 2 using an Elipar S10 LED curing light from Three specimens were made for each material. The signal from the LVDT was transmitted to a computer by a signal conditioning unit (E 309, RDP Electronics Ltd., Wolverhampton, UK) and a high resolution analog to digital converter and data logger (PICO ADC-20 Data logger, Pico Technology Ltd, Cambs., UK). Following mechanical equilibration, data were captured for 60 min from 20 s prior to commencement of irradiation with sampling every second.
The data were then processed using SigmaPlot (SigmaPlot 2008 ver. 11, SPSS Inc., IL, USA). Using the following equation (Eq. (1)) the strain values were calculated. For each composite the maximum recorded shrinkage strain of each of the three runs was recorded and the mean and standard deviation were calculated. In which ε is the strain, L is the change in length and L 0 is the original length.
Shrinkage stress measurement
Shrinkage-stress was measured using The Bioman shrinkagestress instrument that was designed and constructed at the University of Manchester [38] . Components were bolted to a 2 cm thick stainless steel base-plate. Support frame was used to vertically mount the components of the instrument.
A cantilever load-cell of 500 kg capacity was fitted with a rigid integral clamp at the compliant end (the free end) of the cantilever to securely hold a circular steel rod with 10 mm diameter and 22 mm long vertically and perpendicular to the load-cell axis. The bottom of the rod was sand-blasted to aid in composite retention and formed the top surface of the specimen chamber. The lower surface of the specimen chamber is made by a 3 mm thick glass plate that was also sand blasted for the same purpose. The glass plate was held rigidly with special clamp during the measurements. The specimen chamber gap was set with the aid of a feeler gauge to 0.8 mm giving a configuration-factor of 6.25 according to the following equation where d and h are the diameter and thickness of the disk specimen (Eq. (2))
The specimen was irradiated from the bottom surface through the glass plate for 20 s at 1200 mW/cm 2 using an Elipar S10 LED curing light from 3M ESPE, and at an initial room temperature of 23 ± 1 • C. During polymerization, the stresses produced within the specimen caused a slight displacement of the free end of the load-cell. The load-signal from the cantilever cell was amplified by a wide-range strain indicator (Model 3800, Vishay, Measurements Group, Rayleigh, NC, USA). The signals produced by the displacement were continually sent to a computer via a signal conditioning unit and a high resolution analog to digital converter and data logger (ADC-20 multi-channel data acquisition unit and PicoLog software; Picotech, Cambridge, UK).
Three specimens were made from each material. The material required to make 0.8 mm thickness specimen of 10 mm diameter was 0.14 g that was determined by pilot mass testing and direct measurement of the disks. The unset material was placed on the glass plate which was then positioned and stabilized by the adjustment screw. The material then was pressed between the glass slab and the steel rod and left for one minute to allow relaxation of any internal stresses produced during manipulation. Data were recorded for 60 min from 20 s prior to commencement of irradiation, with sampling each second.
The data were then processed using SigmaPlot (SigmaPlot 2008 ver. 11, SPSS Inc., IL, USA). The stress value in MPa is then obtained from the recorded load divided by the specimen disk area. For each material the maximum recorded shrinkage stress of each of the three runs was recorded and the mean and standard deviation were calculated.
The shrinkage strain rate was calculated by numerical differentiation of the shrinkage strain data with respect to time. This was made for the first 200 s of the data from the three runs, using MATLAB (ver. 7.6, MathWorks Inc., MI, USA).
The modulus of elasticity was calculated from the measured polymerization shrinkage strain (ε) and stress ( ) following Eq. (4). 
Statistical analysis
A statistical package (SPSS ver. 16.0, SPSS Inc., IL, USA) was used to analyze the data. The shrinkage strain, shrinkage strain rate, shrinkage stress and modulus of elasticity results were analyzed using one-way ANOVA. Data were tested for equal variances using the homogeneity test (p < 0.05). Equal variances were assumed, thus multiple comparisons using a Tukey post hoc test were conducted to establish homogenous subsets. Linear regression analyzes were made to correlate the measured properties.
Results
The results of the studied materials are summarized as means and standard deviations in Table 2 Regression analysis revealed a correlation value between the shrinkage strain and the filler loading of r 2 = 0.46 and r 2 = 0.68 after excluding the outliers (TEC and GSO) as in Fig. 5 . Polymerization strain had a good correlation to polymerization stress (r 2 = 0.68) as in Fig. 6 . The correlation between the polymerization stress and shrinkage rate was r 2 = 0.21. The correlation between the elastic modulus and the filler loading was found to be 0.46 and it increased up to 0.57 by excluding the outlier (EVX) Fig. 7 . There was no correlation between the polymerization strain and the modulus of elasticity and between the polymerization stress and the modulus of elasticity (r 2 = 0.18 and 0.05 respectively). 
Discussion
The null hypothesis was rejected as the bulk-fill materials results were within the same range as those of the other investigated materials. In the polymerization strain results TEC-BF was within the materials that showed lower shrinkage strain values (2.27%). In the polymerization strain rate results, the flowable bulk-fill SDR material had a high rate of 0.48%s −1 which was not significantly different from the highest rate measured with the flowable BFP (0.59%s −1 ). Polymerization stress results for the material TEC-BF (4.10 MPa) was not significantly different from TEC which gave the lowest stress values (3.94 MPa) among the investigated materials. Similar results were found by other researchers [39] . Modulus of elasticity values for all bulk-fill materials were among the lower range compared to the other materials. In this study the measurements were made for 60 min as it was proven by many researchers that 90% of the polymerization shrinkage occurs within the first hour after curing [40] [41] [42] . The magnitude of the shrinkage of the material is controlled by the material composition while the amount of stress generated from the shrinkage is dependent on the cavity configuration and compliance, material composition and the viscoelastic nature of the material [1, 13, 43, 44] . The rate of polymerization has been found to influence the amount of stress generated from polymerization as the higher rate of polymerization results in higher stress [15, 16] . In addition, the elastic modulus of the material plays an important role in the generation of stress during polymerization. As the material continues to polymerize the modulus of elasticity starts to develop and generates stresses within the material [44] [45] [46] .
The linear regression analysis between the shrinkage strain values and filler loading of the investigated materials showed r 2 = 0.46 (Fig. 5 ). This correlation is more toward moderate negative correlation and it is noteworthy that by excluding GSO and TEC the correlation increased to r 2 = 0.68. Despite being one of the most heavily filled materials, GSO gave a shrinkage strain value of 3.34% which showed no significant difference compared to the medium filled material XB (3.39). On the other Fig. 7 -Linear regression analysis of the apparent elastic  modulus and filler loading (r 2 = 0.57) .
hand TEC showed a low shrinkage strain value that is comparable to the heavily filled materials such as PR, VD and GDP. A possible explanation could be the differences in the conversion level of these materials. The close relationship between the degree of conversion and the shrinkage makes all the parameter that controls the degree of conversion affect the shrinkage such as the monomer reactivity and the network formation [47, 48] . GSO is nano-hybrid flowable material that contains TEGDMA in its monomer system. Despite the high filler loading, the high reactivity of these monomers causes high conversion level and therefore high shrinkage [42, 49] .
TEC is a low shrinking nano-hybrid material that showed the lowest shrinkage strain values, similar to the heavily filled materials in this study. This could be explained by the monomer system that is composed of Bis-GMA and UDMA. Comparing these monomers to TEGDMA, which is present in the other flowable materials, TEGDMA is known to have higher reactivity and will lead to higher double bond conversion and subsequently more shrinkage [20, 42, 50] .
Shrinkage strain and shrinkage stress had a good correlation (Fig. 6 ). This clearly shows that as the amount of shrinkage increases the stress generated will increase subsequently. BFP showed the highest strain and stress among the investigated material and on the other hand TEC showed the least strain and stress among the materials. BFP is a flowable material based on Bis-GMA and TEGDMA. As it was previously mentioned, TEGDMA has high reactivity and smaller molecular size which means high double bond concentration resulting into more volume loss after curing of the material [51] . This result was in agreement with others in which it was found that that the viscoelastic properties play an important role in stress development in addition to the monomer properties of the material [2, 13, [52] [53] [54] .
Although there was a weak correlation between the shrinkage strain rate and the stress, positive association was seen. This could be due to the wide range of material tested from different groups which makes it difficult to isolate the effect of the polymerization rate on the stress generation. Several factors contribute to the amount of stress generation besides the polymerization kinetics, including the conversion kinetics which is closely affected by the material chemical composition [20, 38, [55] [56] [57] . Moreover, some materials develop elastic modulus at a low conversion which means that even at a low reaction rate there is no further plastic deformation and the stress starts to build up [18, 20, 58] . This can be clearly demonstrated by the high stress values of EFQ and GSO compared to their low polymerization strain rate.
In this study the modulus of elasticity was calculated using the measured stress and strain by applying the equation specified in the methodology (Eq. (4)). Stress-strain behavior of the material can be used to describe the relative stiffness of the material and is represented as a modulus of elasticity. Modulus of elasticity is an important parameter for the clinical success of dental restorations. Dental restorative materials are required to have elastic modulus that can withstand the masticatory forces and to be comparable to that of the tooth structure [59] [60] [61] . The elastic modulus at 60 min after curing was calculated and studied. The values of the present results are low compared to the experimentally measured elastic modulus of previous studies [62, 63] . The possible explanation could be that the material thickness was low in the strain measurement therefore the resultant shrinkage was low. On the other hand, the stress generated during measurement is dependent on the compliance of the measurement set-up as the material was bonded to the steel rod from the top and the glass slide from the bottom.
The elastic modulus showed a positive correlation to the filler loading (with an exception to EVX) which is in agreement with many studies [64] [65] [66] . The fiber reinforced EVX material showed a lower elastic modulus despite their filler loading of (57%) compared to the other lower filled as V-BF and SDR. The major difference in this material is the nature of its filler system which is based on short glass fibers. Glass fibers were added for the purpose of improving the strength of the material and prevention of crack propagation [67, 68] . On the contrary, in this study EVX showed the lowest elastic modulus compared to the other tested materials. The impact of the fiber reinforcement depends on the quality, quantity and adhesion of the fibers to the polymer matrix [68] [69] [70] . It is noteworthy that filler loading correlations in this study were made based on manufacturer values. Correlations based on measured filler loading might be different compared to the manufacturer values.
Despite being a flowable material, nano-hybrid GSO showed the highest elastic modulus and not significantly different from the other non-flowable materials. This result was also found by other researchers and can be explained by the high fraction of inorganic filler which will become interlocked in the resin matrix after curing. Thus, the bulk physical properties of the material will approach the properties of the filler system in the material which will lead to higher elastic modulus [63, 71, 72] .
The polymerization stress has been found to depend on the elastic modulus. Many studies have found that the rigidity of the material has an effect on the stress produced as a result of polymerization. In addition, the elastic modulus was found to negatively relate to the polymerization strain [13, 27, [73] [74] [75] . Interestingly, in this study there was no correlation between the elastic modulus and the polymerization strain and polymerization stress. The results can be explained on the ground of the differences in degree of conversion levels as some materials with high degree of conversion may show a high elastic modulus. On the contrary the material with low degree of conversion or alternatively has inherently low shrinking monomer system and more flexibility may show low elastic modulus [13] . These results are more pronounced with BFP, GA-F and GSO materials. BFP is among the materials with lower filler loading that resulted in high strain and high modulus this may be explained by the presence of hydrogen bonds formed between its co-polymers (Bis-GMA and TEGDMA) [76] .
The presence of TEGDMA in GA-F and GSO could explain the elastic modulus values in which the increase in the amount of the hydrogen bonds made the materials less fixable [76] . The stress results seem to follow the same pattern of the modulus of elasticity despite the lack of correlation [75] . The differences in the material behavior with the regard to the polymerization strain, polymerization kinetics, polymerization stress and modulus of elasticity could be explained by the fact that the differences in the monomer system is covered up by many other differences in the material composition d e n t a l m a t e r i a l s x x x ( 2 0 1 6 ) xxx-xxx such as the filler amount and type, initiator, silanization. However, this does not indicate the insignificance of the monomer system [77] .
Conclusions
• Investigated resin-composites demonstrated a different shrinkage behavior that is strongly related to the different monomer and filler systems. The nature of the material determines the amount of the polymerization strain and its rate and the resultant stress.
• The results for the bulk-fill materials were within the lower range of the polymerization strain and stress with an exception of V-BF which showed high strain values.
• Flowable materials represented the higher range of the results in the polymerization stress and strain.
• Despite being a flowable material, GSO showed the highest elastic modulus compared to the other investigated materials.
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